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INTRODUCTION
The characterization of surfaces at a nanometric scale has recently attracted much attention in the context of imaging the local distribution of optical properties such as the photoluminescence or the dielectric properties beyond the diffraction limit of light microscopy by scanning near-field optical microscopy [1] [2] [3] [4] [5] (SNOM). Apart from imaging the local distribution of the complex dielectric constant, the imaging of a surface is relevant to obtain insight into the behavior of electromagnetic fields at the nanometer scale, 6 e.g., in the case of photonic band structures. [7] [8] [9] It was observed previously that the pattern displayed in SNOM images depends strongly on the polarization of the light emitted from the SNOM probe. 5, [10] [11] [12] Here we define a photonic nanopattern of a sample as a nanoscopically resolved SNOM image of this sample recorded with a locally excited dipole as a probe. This photonic nanopattern can be calculated by use of the Green's dyadic technique. SNOM on the basis of the tetrahedral tip (Ttip) proved to be a useful method to obtain microscopic information of optical properties of a surface at a resolution in the 10-nm range. [13] [14] [15] Here, we demonstrate how this technique can be used for imaging the characteristic photonic nanopattern of a well-defined structure with an electric dipole tilted 45°with respect to the scanning plane at a resolution scale of Ͻ50 nm. In previous experiments the dipolar nature of dye molecules was used to map the near-field distribution of SNOM fiber tips. 16, 17 In this study, we show that applying this dipolar character to the tip itself allows us to model the complex optical contrast of SNOM images taken with a T-tip over extended objects.
EXPERIMENTAL BACKGROUND
To prepare a T-tip, a glass fragment must be first broken out of a cover slip. A corner of this fragment is the tip of a tetrahedron, which forms the transparent body of the T-tip. The tip is coated with gold by a two-state evaporation process. One of the three edges (K1) of the tetrahedron is coated with a layer of gold thinner than the rest of the tip. 13, 14 Local light emission from the T-tip is thought to be generated by optical excitation of surface plasmons along the special edge K1. 18 The excitation of a local surface plasmon of a gold particle at the tip acts finally as a nanoscopic light source for SNOM. With the T-tip, a resolution capability of Ͻ50 nm was first demonstrated in a purely optical mode (inverse photon scanning tunneling microscope). 13 Subsequently, in a configuration with scanning tunneling microscopy distance control, optical image details smaller than 10 nm became observable. 14, 15, 19 However, in the scanning tunneling microscopy mode, only conductive samples can be investigated. To overcome this restriction, a dynamic scanning force microscopy (SFM) feedback based on a piezoelectric quartz tuning fork as a force sensor [20] [21] [22] has recently been implemented 23, 24 and is used here for the first time for SNOM with the T-tip. Figure 1 shows the setup. The T-tip has to be fixed on one prong of the tuning fork, as can be seen in Fig. 1(a) . A tiny prism has to be attached to the rear of the glass fragment for shining light into the body of the tip along the axis A. For this purpose, the tuning fork and the T-tip must be tilted 45°with respect to the surface. Figure 1(b) shows the optical set up. The light of a laser diode LD ( ϭ 635 nm) is focused into the T-tip. A polarizer P guarantees a linear polarization direction, which is in the plane of incidence as is defined by the axis A and the edge K1 of the T-tip. The light transmitted through the sample S into the far-field is collected by an objective O of 0.55 numerical aperture.
For the investigation of photonic nanopatterns a latexbead projection sample of gold is particularly suitable.
nearly complete close-packed monolayer of uniform latex beads of a diameter of 220 nm as a mask for evaporation of a 15-20-nm-thick film of gold onto mica. Gold triangles arranged in hexagonal symmetry are formed in this way. The gold structure is covered with a spincoated film of polycarbonate (PC) and a glass cover slip. After removal of the mica the characteristic gold structure embedded into PC is exposed. The periodicity of the hexagonally arranged triangles (220 nm) is below half the wavelength of the light used (635 nm), whereas the triangles with a size of ϳ50 nm are larger than the resolution limit of the T-tip.
To suppress topographic artifacts 28 as far as possible, the projection sample is embedded in the surface of a thin transparent film of polycarbonate (PC). Figure 2 shows simultaneously taken SFM and SNOM images of a projection pattern. 29 In the SFM image [ Fig.  2(a) ], the typical structure of hexagonally arranged triangles appears as slight depressions of a depth of ϳ1 nm. The SNOM image [ Fig. 2(b) ] also shows a hexagonal formation, but the shape of individual spots deviates significantly from that of the triangular gold patches. The triangle in the upper marked area is associated with a bright spot in the center and a dark spot at the apex of the pattern. The oppositely oriented triangle in the lower marked area has a totally different appearance with a less-pronounced contrast. The contrast alternates with the two opposite orientations of the triangles. Thus the orientation of the T-tip with respect to the triangles seems to play an important role for the resulting contrast. Other features in the SFM image of Fig. 2 (a) are ringlike depressions and a circular hole in the polymer film. These depressions are replicas of accidental residues of the latex mask occurring in the fabrication process of the sample. 27 As these topographic features do not appear in the SNOM image [ Fig. 2(b) ], the conclusion can be drawn that the optical signal is not significantly influenced by a topographical artifact.
RESULTS AND DISCUSSION
Another example, which was obtained on a different sample, is shown in Fig. 3 . In the SFM image [ Fig. 3(a) ] the gold triangles appear as slight protrusions. The two marked areas show two triangles with the same mutual orientation. The corresponding areas in the SNOM image [ Fig. 3(b) ] exhibit the same optical contrast. Both patterns show the same change of bright and dark spots obviously deviating from the local distribution of gold. The triangles have a different orientation with respect to the probing tip compared with the one of Fig. 2 . The axis connecting the two triangles is rotated by 15°to the horizontal direction in contrast to the situation in Fig. 2 , where the axis is rotated by roughly 90°. As a result of this different orientation, the triangles appear with a different contrast.
Previous observations gave us a first clue to an understanding of the puzzling contrast. The emission from the T-tip is at its maximum, when the beam irradiating the tip is polarized in the plane of incidence as defined by the incoming beam and the special edge K1 [see Fig. 4(a) ]. Therefore the polarization of the incident beam is always chosen to be in this plane of incidence (coinciding with the paper plane); otherwise, the optical contrast decreases and can even completely vanish for a perpendicular polarization. 15 Thus the special edge shapes the excitation of the tip. We previously made an attempt to interpret SNOM images by assuming that the near-field emission from the T-tip can be considered as a dipole emission and that the SNOM contrast is caused by an interference of the emission of the dipole with its mirror image in the sample.
14 Similar considerations lead us now to the assumption that the emission from the T-tip may be represented by a radiating dipole oriented parallel to the special edge of the T-tip and thus tilted by 45°with respect to the surface [see Fig. 4(a) ]. The effect of such a dipole on the SNOM contrast can be understood intuitively by considering a tilted dipole being scanned across a protrusion, as shown schematically in Fig. 4(b) . The tilted dipole induces a near-field mirror dipole of an orientation that changes with position. Above planar areas, the mirror dipole is perpendicular to the inducing dipole. On the edges of the protrusion, however, the mirror dipole is oriented antiparallel or collinear relative to the inducing dipole. This model offers a simple mechanism for the appearance of bright and dark spots at the boundaries of a homogeneous structure. The collinear mirror dipole is connected with a constructive interference and leads to an increase of the SNOM signal, whereas the antiparallel mirror dipole is connected with a destructive interference leading to a decrease. The following discussion shows that this effect may also lead to the complex asymmetric pattern and to the changes of bright and dark spots in the SNOM images of the gold projection sample.
In order to test our interpretation of the contrast of SNOM images recorded with a T-tip, numerical simulations of the scattering by an object of arbitrary shape locally excited by an oscillating electric dipole with a defined orientation were performed by means of the Green dyadic technique. 30 When the Green dyadic technique is used, the scatterer is discretized in direct space as an arrangement of small polarizable pieces of matter (cells) with dimensions much smaller than the wavelength of the incident light. With this assumption, the electric field inside each cell is supposed to be homogeneous and can thus be computed from the equation
where r k denotes the center position of the kth cell and where E 0 (r l ) represents the incident field at the location of the lth cell. The tensor K is known as the generalized Green's tensor and can be deduced from the Green's dyadic G 0 of the reference system by
with the potential V defined as
where 1 denotes the unit dyadic and ⌬⑀ denotes the dielectric-function contrast between the scatterer and the surrounding medium. The reference system described by G 0 is the unperturbed system that would exist in the absence of the scatterers. In our case, because the samples are embedded in a PC layer, we should consider the PC layer deposited onto the glass substrate as the reference system. However, to date, the components of the Green's dyadic of such a stratified medium are only known in an integral form, 33 leading to prohibitive computation times when dealing with scatterers described by more than a few cells. Because in our situation an accurate description of the shape of samples is necessary to model their near-field responses, we suppose for the calculations that the scatterers are embedded in a homogeneous medium instead of a stratified one. With this approximation, G 0 is analytic, such that the generalized tensor K can be computed with a reasonable computation time, even for an object described by a large number of cells. Once K is known, it is a simple matter to model the dipole scanning over the scatterer. Indeed, if we suppose that the field E 0 results from an oscillating dipole of constant moment p and located at R p , then the incident field at the position r l in the absence of the scatterer is given by
With this definition, the electric field E (R p ) due to the exciting dipole and existing inside each cell of the scatterer is directly calculated from Eq. (1).
Applying an asymptotic form of G 0 32 to this field E (R p ) allows the calculation of the electric far field radiated coherently by both the exciting dipole and the sample. From this far field, one can compute the power radiated by the system into a given solid angle. 33 This radiated power is an attempt to model the optical signal collected by the microscope objective of our SNOM for a given position of the T-tip with respect to the sample. Obviously, we finally simulate the scanning of the T-tip by sweeping within a preset range the location of the exciting dipole.
The results displayed in taneously recorded SNOM image [ Fig. 5(b) ] of a gold projection pattern. Presumably due to an imperfection of the latex-bead mask, 27 the structure we consider is a gold patch where two triangles are connected [see Fig. 5(c) ]. To model this structure, an object built up with 125-nm 3 cubic cells was numerically generated [ Fig. 5(d) ]. The white polygon displayed in Figs. 5(c), 5(e), and 5(f) represents the projection profile of this numerical structure. The thickness of this object was chosen to be 15 nm in order to fit with that of the experimental samples. For all the calculations presented in this study, the sample was supposed to be embedded in a homogeneous medium with an optical index of 1.5 in order to account for the presence of the PC layer around the experimental samples. An electric dipole, oscillating at a frequency corresponding to a wavelength of 635 nm in vacuum was scanned in a plane located 15 nm over the top of the object. By recording for each position of the dipole the power radiated by the whole system into a solid angle of 0.38 sr, the image shown in Fig. 5(f) was obtained.
When comparing the two images of Figs. 5(e) and 5(f), one can observe a fairly good agreement between the experimental image and the computational one. Indeed, two dark spots at the lower apexes and a bright region below the transition to the upper triangle can be distinguished in the SNOM image as well as in the calculated image, whereas the bright spot is a bit more pronounced in the calculation than in the experimental image. For the upper region, the calculated and the experimental images show a dark spot right above the center of the structure and in the middle of the horizontal edge of the upper triangle. In between these two dark regions, one can observe an intense bright area on the experimental image, whereas two bright spots are visible over the vertical edges of the upper triangle in the computed image. Obviously, the deviation from the experimental values of many parameters, such as the dielectric function, the exact three-dimensional shape of the object, or even the scanning height, could explain this discrepancy. In the SFM image the upper triangle seems to be smaller than the lower one and resembles a narrow bar. It was verified that such a modification leads indeed to a merging of the two white spots. It is, however, difficult to deduce the exact shape of the structure from the SFM image. From this first comparison, we conclude that the contrast of the SNOM images taken with a T-tip can be at least qualitatively modeled by the interaction of the sample with the field of a tilted dipole. 35 To demonstrate the versatility of the dipolar model, we analyze the results obtained with another object and displayed in Fig. 6. Figures 6(a) and 6(b) correspond, respectively, to an enlargement of the SFM image and the SNOM images shown in Fig. 3 . The sample we consider is represented by two equilateral triangles facing each other. The computed SNOM image [ Fig. 6(d) ] was obtained by use of the numerical object shown in Fig. 6(c) . As in the previous case, the exciting dipole was tilted 45°with respect to the scanning plane. The near-field response [ Fig. 6(d) ] of each triangle appears as two bright spots separated by a dark groove. The two bright spots can be observed for the right triangle of the experimental SNOM image [ Fig. 6(b) ]. The distance of the centers of the two spots is 55 nm, and their full width at half-maximum (FWHM) with respect to the background intensity is 25 nm. From this observation we conclude that the photonic nanopattern shows a twopoint resolution of ϳ50 nm and an edge resolution of the order of 25 nm. The triangle on the left of Fig. 6 (b) also shows a similarity to the calculated image. Two wellseparated dark spots in the experimental image correspond to a dark region with a constriction. Conversely, two bright spots in the calculated image correspond to a bright region with a narrow constriction in the experimental result. Overall, the dipolar character of the field emitted by the T-tip is evidenced by the qualitative agreement between the computed and the experimental contrast observed for both triangles. 36 We remark that a SNOM experiment performed with a tip emitting a dipolar field can be interpreted as a direct ''sensing'' of the Green's dyadic of the sample. Indeed, the Green's dyadic of an object is defined as the electromagnetic response of this object when excited by a dipolar field. Thus, as shown by the results of this study, the complex relation between the structural properties of an object (e.g., shape and dielectric function) and the SNOM image taken with a dipolar tip is then directly encoded in the Green's tensor of the sample. Therefore the use of a SNOM tip having a dipolar behavior could be of experimental interest for the direct measurement of the electromagnetic local density of states of nanoscopic samples. 
CONCLUSION
The photonic nanopatterns of gold projection samples were investigated experimentally by scanning near-field optical measurements performed with a T-tip. The experimental results have been compared with numerical calculations based on the Green's dyadic technique. The strong dependence of the near-field images on the orientation of the T-tip with respect to the samples have been experimentally demonstrated. A dipole tilted against the scanning plane has been used in the calculations to simulate the field emitted by a T-tip. In view of this simple model and the complex structure of both the probe and the samples, a fairly good agreement between the experimental and the theoretical images has been found at a resolution scale of better than 50 nm. From this qualitative agreement, we conclude that a T-tip behaves in the near-field mainly as a dipole having a significant moment component perpendicular to the surface of the sample. Such a specific feature of the T-tip could be of experimental interest in the context of selective local excitation of nanostructures such as metallic nanoparticles or even molecules. 35 . We have also done numerical simulations for dipoles with a different angle with respect to the surface. The best correspondence between numerical and experimental images was achieved with a dipole tilted 45°to the scanning plane. A tolerance of Ϯ10°can be stated, in which the photonic pattern does not change significantly. 36. One referee insisted that we cite in this context the research of Michaelis et al. 38 and of Sandogdhar.
39
They use a single molecule as a probe for light microscopy of a sample similar to ours but by a factor of 10 larger. Their image shows a pattern that varies with the orientation of the triangles. 38 They compared the image to simulated images extracted from unpublished data of O. Martin. The calculations performed with dipolar orientations within the scanning plane or perpendicular to the scanning plane reveal photonic nanopatterns that have a characteristic pattern. The experimental images 38 and the calculated im ages have the property in common that the pattern
